The majority of dental development studies in modern humans are based on radiographic analysis. In comparison, very few full histological studies have been carried out. In the present study, the onset of enamel formation and crown formation time have been established by histological analysis of the complete dentition in a medieval French individual. Crown formation times were established for the dentition of three further individuals. The number of cross-striations between adjacent striae of Retzius was measured and accentuated striae were used to construct a chart of the chronology of tooth development. Results on crown formation times in individual teeth when compared with previous histologic studies are slightly greater than values in a modern African male and near to or less than values in (M1) and (I) respectively in a modern population from Spitalfields, London. Histologically derived crown initiation times are earlier than those reported for radiographic studies. Values for crown formation times derived in general from radiographic studies are less than those of our study. Attention has recently been focused on the overlap of molar development as a key character for distinguishing between humans and great apes. In this study, there is an overlap in crown formation between M 1 and M 2 of 0·27 years and a temporal delay of 1·7 years between M 2 crown completion and the initiation of the M 3 .
Introduction
Accentuated irregular striae of Retzius together with incremental markers present in enamel have been used by a number of research workers to determine the precise onset and completion of tooth crown formation. Boyde (1963) was the first to use these accentuated incremental growth markers in an archaeological context, using histological preparations of teeth to estimate the age at death of a Medieval Saxon by linking accentuated striae of Retzius in the enamel of three teeth, the upper and lower central incisors and first molar. Boyde's study was closely followed by a histological analysis on the full dentition of six individuals by Tagiguchi (1966) . This latter study, however, gave no absolute times for initiation and termination of crown formation. Kajiyama (1965) reported on a large histological study in which he used ten teeth of each tooth type except third molars to calculate crown formation times. Dean et al. (1993) used tetracycline lines and counts of incremental markings between them in the teeth of an African male to construct a chart of crown completion times. and Dean et al. (1992) incorporated regular surface markings (perikymata) into their histological analysis to calculate crown and root formation times in a child of unknown age from Spitalfields, London. Since then there have been no histological studies of crown initiation and formation times on the full dentition in modern human individuals.
The purpose of the present study was to reconstruct the chronology of tooth development in four medieval French individuals, using microscopical analysis of growth markings in tooth sections. The results are compared with published data on tooth development determined using either histologic or radiographic methods.
Materials and methods
Four human specimens from a French medieval monastery burial site, at SaintNicholas d'Acy Picardie dated at around  1150 to  1550 (Bourry et al., 1991) were used in this study. All teeth were dissected from the jaws and longitudinal ground sections of approximately 100 m thickness were prepared from each (Table 1) .
Specimen description and dental formula (Zsigmondy)
This specimen was judged to be adult since the M 3 root was complete and all teeth demonstrated various degrees of attrition on their incisal and occlusal surfaces.
This specimen was judged to be adult since the M 3 root was complete and all teeth showed marked attrition on their incisal and occlusal surfaces. The upper lateral incisors had been severely palatally inclined, with attrition facets only on their labial surfaces.
This specimen was an infant with retained erupted deciduous teeth which were not sectioned. All of the permanent teeth were unerupted, of which only the first molar crowns were complete with 2 mm of root growth evident.
This specimen was a juvenile with erupted M 1 showing minimal wear facets and incomplete roots. The unerupted I 2 was crown complete with 3 mm of root growth; the C z , and M 2 were crown complete, unerupted and demonstrated a small amount of root growth; the P 3 was also crown complete with negligible root growth. The P 4 had nearly reached crown completion.
Tooth sections
The teeth, which were very fragile, were gently cleaned with cotton swabs soaked in 70% alcohol and were subsequently coated in Superglue to protect them whilst undergoing processing for embedding in polyester resin. The plane of sectioning was marked on the teeth using a marker pen to facilitate precise orientation. Initially longitudinal ''thick'' 150-180 m sections were prepared in the midline labio-lingual axial plane of the Table 1 Number of ground sections studied   Tooth  Maxilla  Mandible   I1  3  3  I2  3  4  C  3  6  P3  2  4  P4  3  5  M1  6  15  M2  5  9  M3  7  4 464 . .  ET AL.
anterior teeth and bucco/lingual plane of molar teeth, through both the paired mesial and distal cusps, using an annular saw (Microslice II). These ''thick'' sections were lapped down from both sides to a final thickness of approximately 100 m, using a Logitech PM2 lapping machine, to give the optimal plane of section passing through the dentine horns. All debris was removed by gentle ultrasonic washing in distilled water; the sections were then dehydrated in alcohol, cleared in Xylene and mounted in DPX. The sections were analysed using polarized, incident and transmitted light microscopy. Low power ( 10) drawings were made using a Wild M8 dissecting microscope fitted with a drawing tube. Colour photomicrographs were taken using a Zeiss Universal photo-microscope ( 4 objective); photo montages were made of each tooth at 16 magnification, using accentuated lines in overlapping fields for registration.
Estimation of crown formation times
Tooth sections from each individual were analysed to determine the period of crown formation using prism cross-striations (daily increments) and striae of Retzius (nearweekly) incremental markers in enamel. Enamel formation times were measured in incisal or cuspal enamel where successive striae were buried, and in later formed imbricational enamel where striae reach the surface and are associated with perikymata. The first permanent molar (M 1 ) was used as the reference tooth to which other teeth were related. In all four individuals the mesiobuccal cusp of M 1 demonstrated a neonatal line with mineralization commencing at 15-20 days before birth. All individuals showed stress lines (accentuated striae) at irregular intervals during crown development. These accentuated lines could be matched within and between teeth in one individual; and by calculating the interval between disturbances using direct counts of the daily incremental cross-striations linked to regular striae of Retzius, it was possible to determine the chronology of each disturbance in the developing dentition.
Appositional (cuspal) enamel
The cuspal enamel thickness was measured in unworn teeth along the direction of the enamel prisms from the amelo-dentinal junction in the dentine horn area to the enamel surface, at the point where the first imbricational stria appeared. To compensate for prism decussation the length of the prism measured was multiplied by 1·15 after Risnes (1986) . Cross striation measurements were made in cuspal enamel using a filar micrometer eyepiece attached to a Zeiss Universal microscope ( 40 objective) at three points: enamel-dentine junction (EDJ), mid-cuspal and outer cuspal enamel. Measurements in the inner and outer enamel were not made within a minimum distance of 100 m from the enameldentine junction and enamel surface respectively. A minimum of five separate measurements was taken in each area and the mean of all measurements was used to represent the average cross-striation measurement for cuspal enamel, which was then used as a divisor of the adjusted prism length to give the total time of cuspal enamel formation in days.
In worn molar teeth the cusp tip was reconstructed in outline, and the junction between imbricational and cuspal enamel was interpolated by eye, allowing an estimate to be made of the missing increments which were added to the total counted. To make the reconstruction more accurate in worn mandibular teeth we used the lingual cusps and in the maxillary teeth the buccal cusps, which were generally much less worn, allowing estimates of relative cusp height and enamel thickness to be made. Measurements were taken of cusp enamel thickness in unworn teeth, and the 465        difference calculated between the ''thinner'' lingual cusp enamel and the ''thicker'' buccal cusp enamel. This value was used when estimating the unknown thickness of enamel in the worn buccal cusp.
Imbricational enamel
The total number of striae reaching the surface in imbricational enamel was counted in millimetre steps, using a filar micrometer eyepiece attached to a Zeiss Universal microscope ( 16 objective); from the cervical margin to the occlusal surface for each section, a total value being obtained for each tooth. The number of cross-striations between two adjacent striae were counted and measured, to ascertain the periodicity, in at least five separate areas in different parts of the crown.
Imbricational enamel formation time in years
The sum of calculated appositional and imbricational enamel formation times, gives the cumulative crown formation time for each tooth. In molar teeth, times of onset of mineralization and completion of individual cusps were calculated.
Results

Appositional (Cuspal) enamel
The cuspal enamel formation times for maxillary and mandibular teeth are summarized in Table 2 
The cross-striation (c/s) values measured in the outer cuspal enamel ranged from 4 m in anterior teeth to a maximum of 5·8 m in the M 3 . In mid-cuspal enamel the range was 3·6 m in anterior teeth to 4·2 m in the molars. Inner cuspal enamel showed values consistently around 3 m for both anterior and posterior teeth. Similar analysis was made in lateral and cervical enamel showing an increase in c/s size from the EDJ to the enamel surface. Cross striation size near the EDJ was consistent throughout the crown at around 3 m.
Imbricational enamel
Imbricational enamel values were obtained by multiplying the number of imbricational striae by the periodicity in an individual and dividing by 365 days to give an imbricational time expressed in years. The periodicity of c/s between striae was nine in specimen T49 and eight in the other three specimens; there was never a variation in c/s numbers between striae within an individual. In all cases in cuspal enamel, striae were widely spaced per millimetre, increasing progressively in packing towards the cervix [ Table  2 (a) & (b); column C]. The total number of imbricational striae, including adjustment for fractured areas and attrition, are presented in Table 2 Figure 1 .
The values presented for imbricational striae per millimetre are those for the labial surface in anterior teeth and the mesiobuccal surfaces of the posterior teeth. The slope was essentially similar for all mandibular teeth. The crown height was greater in anterior teeth, with the result that the highest number of striae per millimetre were present in the most cervical part of incisor teeth.
These values for cuspal and imbricational enamel were summed to give the crown formation time for each tooth [ Table 2 Abbreviations: see Table 2a .
The dentition of one individual, specimen T49, was used to achieve registration between teeth. This subject showed a number of accentuated lines that occurred during tooth development. The neonatal line was identified in the M 1 and an accentuated line, close to the junction of cuspal and imbricational enamel, was aged at 1·1 years. This same accentuated line was clearly identifiable in the anterior teeth, although its position varied markedly between teeth (Figure 2) . The lower central incisor showed the greatest enamel formation prior to this disturbance, with I 2 I 1 C z C following in sequence. The I 2 was the last anterior tooth to mineralize, and there was 2 of 1·05 years. This same procedure was used to establish the time of onset of mineralization in the other anterior teeth. Initial crown calcification of I 1 and I 2 occurred postnatally at 0·25 and 0·4 years respectively, with the I 1 forming at 0·35 years, the lower canine initiated at 0·55 years and the upper canine at 0·75 years.
Successive accentuated striae in the cervical region of M 1 and in the lateral enamel of the anterior teeth could be clearly linked with accentuated striae in the cuspal enamel of P 3 P 3 P 4 P 4 M 2 M 2 , allowing registration of onset of mineralization in those teeth. The initiation time, crown formation time and age at crown completion for each tooth from specimen T49, are presented in Table  3 . In the M 3 , it was not possible to identify accentuated lines in enamel that corresponded to striae in the crowns of anterior teeth. However, in the M 2 root dentine, accentuated lines were present that corresponded to accentuated lines in the enamel and dentine in the crown of M 3 . The time from crown completion in the M 2 to the time of disturbance in root dentine was estimated by measuring the thickness of dentine formed from the cervix along the length of the dentine tubule (1960 m). The data presented by Dean & Scandrett (1995) was used to calculate the amount of time for this amount of dentine to form: using their ''track 6 line'', a period of 1·7 years was determined. The timing of these disturbances allowed the registration of onset of mineralization and crown completion in the M 3 to be made. The values obtained for the entire dentition were used to construct a chart of the development sequences in specimen T49 (Figure 3) .
Analysis of accentuated striae, including the neonatal line, allowed the calculation of the sequence of cusp initiation and completion in molars to be determined. Results of cusp formation in both upper and lower M1, M2 and M3 are presented in Table 4 and a chart of molar cusp mineralization and formation of M 1 and M 2 in Figure 4 . In M 1 the first cusp to calcify is the mesiobuccal (protoconid) at 0·05 years before birth, followed by the distobuccal (hypoconid), mesiolingual (metaconid) and finally the distolingual (entoconid) at 0·4 years after birth. The hypoconulid was not sectioned. Crown formation was completed in the distobuccal cervix at 3·17 years. Onset of mineralization in M 2 occurred in the mesiobuccal cusp at 2·9 years, 0·27 years before completion of the crown of M 1 . The order of cusp initiation and completion in M 2 was similar to that in the M 1 with crown formation terminating in the distobuccal cusp at 6·17 years.
Discussion
Enamel formation is non-linear, both in the secretion of full thickness enamel at a particular crown level and in the development of crown height. The first variation is a consequence of alterations in daily secretion rates of differentiated ameloblasts, where there is an increase in daily rate of secretion from inner to outer enamel. The second variation is due to the change in the rate of differentiation of new ameloblasts at the margins of the developing crown. 
Table 4 Molar cusp formation time in years
Tooth T49
All specimens mean 1 S.D. (n)
All specimens
Mandibular teeth: mb-mesiobuccal (protoconid); ml-mesiolingual (metaconid); db-distobuccal (hypoconid); dl-distolingual (entoconid).
Maxillary teeth: mb-mesiobuccal (paracone); ml-mesiopalatal (protocone); db-distobuccal (metacone); dl-distopalatal (hypocone).
      
Daily secretion rates in cuspal enamel showed a gradual increase from inner through middle to outer areas. This confirms the findings in previous works on Homo, Gorilla, Pongo and Pan Dean et al., 1993; Chandrasekera et al., 1993) . These rate differences show that an ameloblast progressively increases secretory activity in its track through enamel, attaining maximum rates close to its termination at the external enamel surface. The number of c/s between adjacent striae is always the same for an individual (Boyde, 1963 (Boyde, , 1979 (Boyde, , 1989 Boyde & Jones, 1983; Bromage, 1991; Beynon, 1992; Dean et al., 1993) . It should, though, be pointed out that the above has not gone unchallenged (Warshawsky, 1985 (Warshawsky, , 1988 Warshawsky & Bai, 1983; Warshawsky et al., 1984; Weber & Ashrafi, 1979; Skinner & Anderson, 1991; but see Ramirez Rozzi, 1995) . In all histological studies, accuracy in counting the number of c/s between adjacent striae is of paramount importance as an error of one c/s will effect the crown formation time by around 14% (Huda & Bowman, 1995) . The periodicity of eight (n=3) and nine (n=1) c/s in this study is consistent with the analysis made on 100 modern human teeth where the average periodicity between striae was 7·7 0·8 (Beynon & Reid, 1987) , and the range of 7-10 with a mean value of 8·15 in a sample of 40 modern human teeth (Bullion, 1987) , but lower than the mean periodicity of 9·7 1·2 in a sample of 96 anterior teeth reported by Fitzgerald (1995) . In imbricational enamel, packing of surface striae increases towards the cervix. This is associated with a reduction in daily secretion rate, accompanied by a reduction in ameloblast recruitment (enamel extension rate: Shellis et al., 1997) which results in an increase in striae angle relative to the EDJ, that reflects a progressive slowing of enamel production towards the end of crown formation. The nonlinear deposition of enamel is represented graphically in Figure 1 . Skinner & Anderson (1991) did succeed in using accentuated striae to match a premortem record of physiological stress in a child. An earlier histological analysis by Tagiguchi (1965) of the full dentition of six individuals was carried out to ascertain the sequence of tooth formation by looking for matching patterns of accentuated striae. Initiation of the central incisors from one individual was noted before the first permanent molars, but no absolute times for initiation and termination of crown formation were given. Kajiyama (1965) reported on another large histological study: ten teeth of each tooth type except third molars from both jaws were sectioned. Crown formation times for all tooth types except I 1 and LC were all at the upper end of both histologic and radiographic ranges. Earlier studies on dentine formation rates (Schour, 1936; Schour & Poncher, 1937; Schour & Hoffman, 1939; Kawasaki et al., 1980) showed values of around 4 m dentine deposition per day. Recent studies on dentine deposition in a modern human report values varying between 1·3 and 6 m in the daily rate of dentine secretion in the cusp (Dean, 1995; Dean & Scandrett, 1995) . The initial 500 m of dentine formation in the cusp has a rate between 1·3 m and 1·5 m, increasing to 5 and 6 m for the bulk of dentine formation, reducing to 3 and 4 m near to the pulp. In this study, calculation of the initiation time of the M3 depended on the amount of root dentine formed following crown completion in the M2. It was not possible to measure directly the rate of daily dentine formation in the root of the M 2 : using a mean of initial dentine formation of 1·4 m for the first 500 m and a mean of 5·5 m for the rest of the dentine formed, it was calculated that the amount of time from the M 2 crown completion to the onset of mineralization of the M 3 was 1·7 years. This matched exactly the time we calculated using the ''track 6 line'' (Dean & Scandrett, 1995) in M 1 root dentine.
This study on medieval French subjects has provided data on crown formation time in four individuals, and overall crown initiation and completion times in one individual (T49). Age at initiation of mineralization of incisors in this specimen was between 0·25 years (I 1 ) and 0·4 years (I 2 ), except for the I 2 which calcified relatively late at 1·05 years. The initiation of enamel formation in lower incisors is earlier than in the African studied by Dean et al. (1993) and earlier (I 1 ) or similar (I 2 ) to individuals from Spitalfields (Liversidge, 1995) . The initiation of calcification in upper incisors was later, especially for I 2 , than that of the African (Dean et al., 1993) but close to that reported for Spitalfields material (Liversidge, 1995) . The estimated crown formation times of incisor ranged between 3·38 years (I 1 ) and 4·20 years (I 2 ). The crown formation times are greater than those reported by Dean et al. (1993) similar to those on isolated teeth reported by Fitzgerald (1995) but lower than those reported by , Dean et al. (1992) and Liversidge (1995) .
The onset of enamel formation in canines of specimen T49 was between 0·55 years (C z ) and 0·75 years (C) and crown formation times varied between 4·24 years (C) and 5·61 years (C z ). The onset of calcification of canines was later and crown formation time greater than those reported in the modern African male (Dean et al., 1993) , and Spitalfields individuals (Liversidge, 1995) but similar to those on isolated teeth reported by FitzGerald (1995) .
The age of initiation of enamel formation in P3 was 1·85 and 2·65 years in P4. Crown formation times varied between 2·99 years (P 4 ) and 3·53 years (P 3 ). Results for the onset of enamel formation are lower, except for P 4 , than those for the African male (Dean et al., 1993) . Crown formation times are greater, except for P 4 , than those for the African male (Dean et al., 1993) .
The onset of enamel formation in M 1 was 0·05 years before birth, in M 2 2·9 years, and in M 3 7·77 years. Crown formation time varied between 2·83 years (M 1 ) and 3·28 years (M 2 ). The onset of calcification in M 1 and M 2 is earlier and in M 3 is later than in the African male (Dean et al., 1993) . In medieval French individuals, crown formation time in the M1 is comparable to the Spitalfields subjects Dean et al., 1992; Liversidge, 1995) , but is greater in medieval French individuals than in the African male, except in M 3 (Dean et al., 1993) . The radiographic study by Moorrees et al. (1963) suggests that the M1 crown is complete in 2·1 years. However, Gleiser & Hunt (1955) Most radiographical studies have been restricted to the mandibular dentition and assume that dental development is similar in both jaws. This study has highlighted differences between upper and lower anterior teeth in both onset of mineralization and in crown formation times. These differences should be taken into account in dental development studies on hominoids and hominids.
Numerous radiographic studies have given data on the onset of calcification and crown formation times. Smith (1986 Smith ( , 1991 concluded that the data of Moorrees et al. (1963) was the most complete study using appropriated statistical procedures on a large sample, to use as a comparison with other studies (Table 5 ). The Moorrees et al. data, however, give no information on initiation in the maxillary incisors, only crown completion time. Radiographic studies have difficulty in establishing the precise onset of mineralization and the termination of enamel formation, having the tendency to overestimate age at crown initiation (Hess et al., 1932; Liversidge, 1995; Beynon et al., 1997) . The present study has shown conclusively that, in the anterior teeth, there is a long delay in the onset of mineralization in the upper lateral incisor which initiates three months after the upper canines, agreeing with the histological results of Logan & Kronfeld (1933) which were included in the analysis of Gustafson & Koch (1974) .
The sequence of first molar cusp mineralization in this study differs slightly from the data reported by Christensen & Kraus (1965) , where the mesiolingual cusp coalescence occurs before the distobuccal cusp, but concurs with their findings on initiation of the mesiobuccal cusp in the M 1 and mesiopalatal cusp in the M 1 occurring prior to birth.
A claimed distinction between great apes and modern human molar crown formation is that humans are characterized by the presence of a temporal delay between the complete calcification of a molar crown and the initiation of calcification of the adjacent distal molar in the jaw (Anemone et al., 1991; Anemone et al., 1996; Winkler & 474 . .  ET AL. . A significant finding in this study has been the close relationship of first and second molar development with a slight overlap of 0·27 years in crown formation between M 1 and M 2 .
Summary
In this study, a histological analysis of the dentition in four individuals from a medieval burial site in Picardie, France, has been carried out. Crown formation times were calculated for the four individuals. The onset of mineralization, crown completion times and developmental relationship of the complete dentition were obtained from one individual. All histological analysis depends on the fact that c/s and striae of Retzius are incremental growth markers. We have established the number of c/s (periodicity) between adjacent striae in all four individuals. The periodicity between striae does not vary within and between teeth from the same dentition in any.
Our findings confirm earlier reports that enamel secretion is not uniform, increasing from the EDJ to the enamel surface. The packing of surface striae towards the cervix reflects a progressive slowing of enamel production towards the end of crown formation.
Crown formation times in these four medieval French individuals are generally greater than those from a previous histological analysis in a single African male (Dean et al., 1993) .
An important finding is that the second molar initiates crown development before the conclusion of enamel formation in the first molar in one individual.
These findings confirm that histological studies are relatively precise and can provide detailed information on dental development in individuals. More studies are required to enlarge the sample size to allow population estimates which will serve as a more accurate basis for comparison with extinct hominid and hominoid populations.
